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Synopsis 

Proton 2D-NOE spectroscopy has been used to investigate the three-dimensional con- 
formations of several sonicated polydeoxynucleotides in solution. The observed pattern 
of cross peaks indicate that poly(dAdT) . poly(dAdT1 in all salt concentrations studied 
(up to 6.6M CsF), and poly(dG-m5dC) . poly(dG-m5dC) in low salt (0.1M NaCU are right- 
handed B-structures. Poly(dG-m5dC) . poly(dG-m5dC) in Mg2+ (3 mM) solution exhibits 
a pattern characteristic of the left-handed Z-form. These results for poly(dA-dT) 
poly(dA-dT) are in contrast to suggestions that this copolymer exists as a left-handed 
form, either in low or high salt. We present pure absorption-mode ZD-NOE spectra that 
enable us to compare several distances and define the conformations of these poly- 
deoxynucleotides in solution. 

INTRODUCTION 

The Watson-Crick double-helical B-model of DNA was derived main- 
ly from x-ray fiber diffraction patterns.lS2 For many years, this model 
was widely accepted as the structure of DNA in solution and in the 
celL3 The proposal of side-by-side structures* and the observation of a 
left-handed Z-form in oligonucleotide crystals with the sequence 
d(CGI5s6 has, to some extent, reopened the question of the solution/cell 
structure of DNA. 

Since oligo- and polydeoxynucleotides have been shown spectro- 
scopically to undergo transitions in solution, it is no longer possible 
to presume a single DNA structure in solution for one base sequence. 
The fact that poly(dGdC) is converted from the B- to the 2-form in 
high-salt ~ o l u t i o n ~ . ~  has provided a useful basis for comparison with 
conformational transitions of other sequences. However, in the case 
of other polydeoxynucleotides, the nature of the conformation above 
and below the transition point is not well defined. This is indeed the 
case with poly(dA-dT), which has been suggested to be either a left- 
handed B-form in low saltg or a left-handed Z-form in high salt.1° 
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Under these circumstances, a rigorous method is required to provide 
detailed conformational analysis of polydeoxynucleotides in solution. 
Such a method is proton two-dimensional nuclear Overhauser en- 
hancement (2D-NOE) spectro~copy."-'~ This technique has been ap- 
plied to the conformational analysis of small proteins14-16 and has 
recently been used to study several oligonucleotides in s o l u t i ~ n ~ ~ - ~ ~ ;  a 
preliminary analysis of 2D-NOE spectra of several polydeoxynucleo- 
tides has been reported by Kearns et a1.26 We present a comparison 
of 2D-NOE spectra of two polydeoxynucleotides of different base se- 
quence under different solution conditions. While this work was near- 
ing completion, a detailed analysis of the 2D-NOE spectrum of poly(dA- 
dT) was published by Assa-Munt and K e a r n ~ , ~ ~  which demonstrated 
that the low salt form of poly(dA-dT) is indeed a Watson-Crick right- 
handed B-form. We entirely agree with their analysis, and the quite 
unambiguous nature of the qualitative conclusions, as well as the 
capability to obtain quantitative distance information, indicates the 
great value of the 2D-NOE method for polydeoxynucleotides confor- 
mational analysis in solution. 

In this work we have utilized the 5-methyl cytidine analog, i.e., 
poly(dG-m5dC) not only because of its proclivity to convert to the Z- 
form at much lower salt concentration than the unmethylated ana- 
1og,8,28 but also because the presence of the C-methyl group, which 
causes the instability of the B - f ~ r m , ~ ~  provides very strong cross-re- 
laxation interactions. This facilitates comparisons with 2D spectra of 
poly(dA-dT) in order to draw unambiguous conclusions on the nature 
of the conformations of these polymers in solution. 

MATERIALS AND METHODS 

Double-stranded poly(dA-dT) and poly(dG-m5dC) were obtained from 
P-L Biochemicals. About 80-100 OD,, units of DNA were dissolved in 
0.1M NaCl solution in phosphate buffer and sonicated at 2-6°C for 3- 
4 h, using a tapered microprobe with a Heat Systems Ultrasonics 
W225R (20 kHz) sonicator. The power level was optimized just below 
cavitation, usually about 25 W. The sonicated products were filtered 
through a Milllipore Millex Filter (0.22 pm) to remove titanium par- 
ticles eroded from the microtip. The samples were then dialyzed by a 
0.1M solution of NaCl in phosphate buffer using an  immersible CX- 
10 Millipore Ultrafiltration unit. The sonication yielded polymer frag- 
ments with a maximum of ca. 50 base pairs (bp) for poly(dA-dT) and 
ca. 85 bp for poly(dG-m5dC), as determined by gel electrophore~is.~~ 

The dialyzed samples were lyophilized from D,O three times. For 
nmr measurements, the lyophilized products were dissolved in 0.5 mL 
99.96% D,O (Merck) and transferred to Wilmad 528PP 5-mm nmr 
tubes. Samples had the following compositions: poly(dA-dT) ca. 80 OD2, 
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units in O.lMNaC1,38 mMK,HPO,, 12 mMKHzP04, pH = 7; poly(dG- 
m5dC) ca. 75 OD,, units in 0.05M NaC1, 38 mM KzHP04, 12 m M  
KH,P04, pH = 7. In several cases, samples were lyophilized and re- 
dissolved to the required concentration, but in the case of MgClZ, ali- 
quots of a concentrated solution were added directly to the sample. 

NMR Methods 

Proton 2D-NOE experiments were performed at 270 MHz on a Ni- 
colet spectrometer with a Bruker superconducting magnet, interfaced 
with a Nicolet 1280 computer and Nicolet-293C pulse programmer. 
Two-dimensional NOE spectra were collected using a sequence of three 
nonselective pulses,14 

( r / 2  - t ,  - 7rI2 - rmiX - 7r/2 - t2 - A&) 

Data were collected in the pure absorption mode. The FIDs consisted 
of 512 data points with a sweep width of 2500 Hz and 64 t ,  values. 
Quadrature detection was used in both t ,  and t ,   dimension^.^^ The 
FIDs were apodized by a Gaussian function, with line broadening (LB) 
of 30 Hz in both dimensions. In all spectra presented, the strong peak 
from HDO was removed using the homonuclear decoupling channel 
for presaturation. 

Absolute Value vs Absorption Mode in 2D-NOE Spectra 

Two-dimensional correlation spectra are often presented in the ab- 
solute value mode. Generally, there are several advantages connected 
to this approach of data representation. First, one can employ a phase- 
modulated version of the e~per i rnent ,3~ .~~ which allows the spectrum 
to be recorded in twodimensional quadrature.-I This minimizes re- 
quirements for disk-storage space and data-processing time. A second 
advantage is that no interactive phasing38 of the twodimensional spec- 
trum is needed, and a blind-folded way of processing will lead to a 
near-optimal presentation of the absolute value mode spectrum. The 
major disadvantage of the absolute value mode representation is the 
broad base of the absolute value mode line shape, which strongly 
decreases spectral resolution and, in 2D-NOE spectra, makes it often 
nearly impossible to measure accurate intensities of cross-peaks. The 
base of absolute value mode line shapes can be removed by the use of 
appropriate digital filtering. For example, use of the “sine bell” fil- 
tering function,39 a “pseudo-echo” functionm or a convolution differ- 
ence filter41 are well-suited for this purpose. However, all these 
filtering functions have in common that they have a differential effect 
on signal intensities of broad and narrow resonances; the broader 
spectral components are attenuated much more strongly than the 
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narrow spectral lines by these types of artificial resolution-enhance- 
ment filters. This makes it nearly impossible to quantify the real 
intensities of peaks in the 2D spectrum if those digital filters have 
been used. 

While for some types of 2D experiments only peak positions are 
relevant, and signal-to-noise ratios for cross multiplets can even benefit 
from the use of those strong resolution-enhancement filters, this is not 
the case for 2D-NOE spectroscopy. This is due to the in-phase nature 
of the (usually nonresolved) individual components of the two-dimen- 
sional multiplets in this type of experiment. Therefore, both on the 
basis of sensitivity and on the basis of obtaining true intensities, it is 
important to record the 2D-NOE spectrum in the pure absorption 
mode. 

RESULTS 

2D-NOE Spectra of Poly(dA-dT) - Poly(dA-dT) 

Figure 1 shows the contour plots of pure absorption mode 2D-NOE 
spectra of poly(dA-dT) using a mixing time of 50 ms for both low and 
high salt concentrations. Spectra on the two axes are symmetrical 
projections of diagonal peaks, which represent spin magnetization that 
does not cross-relax during the mixing time. Assignments of reso- 
nances relevant to this discussion are labeled. At short mixing time, 
cross-peaks appear between protons that are coupled by dipolar in- 
teraction and are separated by ca. 3.5 A or less. Figure 2 is an expansion 
of part of Fig. 1, showing the interactions between base protons-sugar 
protons (H2’, Harr), base protons-T(Me), and H1’-sugar protons (H2’, 

Also included in Fig. 2 are expansions for the same interactions 
of poly(dA-dT) in ca. 40% ethanol-d,. It can be observed that poly(dA- 
dT) has very similar cross-peak patterns in low and high salt and also 
in ethanol. The pattern of major cross-peaks in a 2D-NOE spectrum 
of poly(dA-dT) in 6.6MCsF was the same as in the spectra shown in 
Figs. 1 and 2, although the spectral quality was poorer due to  extensive 
line broadening induced by the high salt concentration. 

2D-NOE Spectra of Poly(dG-m5dC) . Poly(dG-m5dC) 

Figure 3 shows cross-sections of spectra in pure absorption mode for 
double-stranded poly(dG-m5dC) in 0.0544 NaCl solution using 25- and 
50-ms mixing times, and it illustrates the GH8-C(Me), GH8sugar 
protons (H2’, H2”) interactions. Note that for GH8-CMe, the cross- 
peak intensities at 25 ms are reduced by a factor of ca. 2, as compared 
with those at  50 ms. This implies that the cross-peak intensities for 
these resonances are approximately linear in this range of mixing 
times. Although other cross-peak intensities may not be strictly linear 
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due to small second-order NOE effects, we chose 50 ms as a suitable 
value for the mixing time in order to retain high s e n ~ i t i v i t y . ~ ~  

The contour plots of pure absorption mode spectra using 50 ms 
mixing time are shown in Fig. 4. For this polymer, while the 2D-NOE 
contour plot in NaCl solution [Fig. 4(A)] is very similar to that of 
poly(dA-dT) (Figs. 1 and 21, the contour plot in MgC12 solution is strik- 
ingly different [Fig. 4(B)]. In NaCl solution, cross-relaxations due to 
base protons (GH8 or CHG)-C(Me), base protons (GH8 or CHGbsugar 
protons (H2' or H29, and H1' (GHl' or CHl'bsugar protons (H2' or 
H2") interactions are clearly observed. Major differences in the 
poly(dG-m5dC)/MgClz spectra are the loss of cross-peaks due to GH8- 
C(Me) and GH8-sugar proton (H2' or H2") interactions and the ap- 
pearance of a strong cross-peak for the GH8-GH1' interaction. Figure 
5 shows an  expansion of part of Fig. 4 illustrating these cross-relax- 
ation interactions. 

DISCUSSION 

The 2D-NOE spectra described above can be used to deduce several 
important features of the polymers under investigation. First, 2D-NOE 
spectra give better resolution compared with one-dimensional spectra, 
particularly in the crowded (H2', H2") spectral region, and, therefore, 
assignments may be made more easily. Second, structural information 
can be obtained on the basis of spatial connectivities between nuclei 
coupled by dipolar interactions. Consequently, several important struc- 
tural aspects of DNA double helices can be investigated using 2D-NOE 
spectroscopy. Such features include determination of the handedness, 
and syn vs anti nucleotide conformation. Examples of the elucidation 
of such structural features of polydeoxynucleotides will be illustrated. 

Assignments 

This section will address some controversy regarding the assign- 
ments of Hl ' ,  H2', and H2" resonances in the proton spectra of poly(dA- 
dT) and poly(dG-m5dC). We consider poly(dG-m5dC) first, because in 
the high-salt form, the assignments of sugar protons using one-di- 
mensional NOE can be considered to be firmly established on the basis 
of the Z-conformation of the duplex.43 In Fig. 4(B), the 2D-NOE contour 
plot clearly shows the GH8-GH1' interaction in the Z-form, and thus, 
the resonance at 6.33 ppm can be unequivocally assigned to GH1'. The 
resonance a t  5.73 ppm is therefore assigned to CH1'. 

In the low-salt conformation, the assignment of H1' requires reex- 
amination. For poly(dG-dC), Dhingra et al.44 have reported a crossover 
of GH1' and CH1' proton chemical shifts in going from the low- to the 
high-salt form. The present work does not support this crossover of 
H1' resonances, based on correlations between 2D-NOE spectra and 
model interproton distances for a right-handed B-conformation (Fig. 
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T 

A 

Fig. 6.  Portion of a single-strand d(ATA1 structure in a right-handed Bconforrnation. 
Specific intra- and internucleotide interactions that could give rise to cross-relaxation 
due to proton distances < 3.5 8, are joined by dashed lines. This figure was prepared 
using the XRAY program written by R. Feldmann on the DEC PDP10, DCRT, NIH. 

6). Interactions that can be expected to be seen in the 2D-NOE spectra 
are indicated by joining the corresponding protons. Table I gives the 
interproton distances (in A) for specific interactions of purine and 
pyrimidine protons for the right-handed B-conformation. It can be 
noted that, based on interproton distances, the Hl’-H2/‘ interaction 
will be stronger than the Hl’-H2’ interaction within the same nu- 
cleotide, independent of the sugar pucker. Thus, stronger cross-peaks 
are expected for the Hl’-H2” interaction. A proper assignment of H2‘ 
and H2” should therefore facilitate the assignments of H1‘ resonances. 
Figure 6 also indicates that the base protons (H8 or H6) are within 
cross-relaxing distances to their own H2‘ protons and to the H2” pro- 
tons of the adjacent 5’-nucleotide, although, based on models for the 
B-conformation, the second interaction is expected to be somewhat 
weaker. Figure 7 shows cross sections of 2D-NOE spectra showing these 
interactions, where corresponding to four diagonal peaks representing 
(H2‘, H2”) of G and C, four cross-peaks can be clearly distinguished, 
the cross-peaks for Hl’-H2” being the strongest. In Fig. 7(A), the GH2’ 
and CH2’ assignments are based on their cross-relaxation peaks with 
GH8 and CH6 respectively. The assignments of GH2” and CH2” also 
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TABLE I 
Interproton Distances (A) Computed for a Right-Handed B-Form 

Purine Proton Interactions 

Intranucleotide Internucleotide W5') 

HB-H2' : 2.14 
H8-H2" : 3.53 
HB-Hl' : 3.69 
Hl'-H2' : 2.83 
Hl'-H2" : 2.22 

HGH2' : 3.71 
HGH2" : 2.40 
H8-Me : 2.62 

Pyrimidine Proton Interactions 

Intranucleotide Internucleotide (3'-5') 

HGH2 : 1.92 HGH2' : 3.81 
HGH2" : 3.35 HGH2" : 2.42 
H6H1' : 3.58 
Hl'-H2' : 2.83 
Hl'-HZ" : 2.22 
H g M e  : 2.41 

follow from cross-peaks with GH8 and CH6. Therefore, the cross-peaks 
at 5.93 and 5.83 ppm must be assigned to the GHB"-GHl' and CH2"- 
CH1' interactions. 

Figure 8 shows cross sections of 2D-NOE spectra for poly(dA-dT) in 
low and high salt. Assignments again follow from arguments similar 
to those given for the poly(dG-m5dC)/NaC1 system. The assignments 
of the 6.19- and 5.58-ppm resonances to AH1' and THl', respectively, 
are consistent with previous work by Assa-Munt and K e a r n ~ . ~ ~  Note 
that, unlike the poly(dG-m5dC), the cross-relaxation interactions are 
very similar for poly(dA-dT) in both low and high salt. Also, for short 
mixing times, the cross-peak intensities for (AHSAHB'), (AHl'-AHB"), 
(THGTHB'), and (THl'-TH29 interactions are comparable, indicating 
that interproton distances for the interacting proton pairs are also 
comparable and consistent with the distances derived for a right-hand- 
ed B-conformation. 

Conformation of Poly(dG-m5dC) 

From combined studies of shielding constants, chemical shifts, and 
one-dimensional NOES, double-stranded poly(dG-dC) in low-salt solu- 
tion was shown to exist as a right-handed B-DNA double helix with 
Watson-Crick base pairing.44 2D-NOE spectra of poly(dG-dC) in 0.1M 
NaCl also suggest a right-handed B-DNA structure.26 

Poly(dG-m5dC) has not been studied using 2D nmr methods. Using 
one-dimensional NOE measurements, Pate1 et al.43 differentiated be- 
tween syn and anti glycosidic torsion angles in poly(dG-dC) and 
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poly(dG-m5dC) duplexes. Feigon et aL19 also demonstrated the B-Z 
transition in (m5dC-dGI3 using one- and two-dimensional nmr. How- 
ever, it should be emphasized that the differences between the proton 
1D spectra of the B- and Z-forms are not as clear-cut as they are in 
the 2D spectra. 

To deduce structural information from the 2D-NOE spectra, we con- 
sider the strong interactions that are found between the base protons 
(H8 or H6) and the 5-methyl protons of cytidine. Within the cytidine 
moiety, the intrabase proton distance between CH6 and C(Me) is fixed 
a t  ca. 2.5 A, assuming a distance of closest approach. The interbase 
proton distance between GH8 and the adjacent C(Me) is indicated to 
be ca. 2.6 A based on the model for a right-handed B-conformation 
(Table I) and is comparable to the intrabase CHW(Me) distance. As 
seen in Fig. 9, the cross sections of 2D-NOE spectra for poly(dG-m5dC)/ 
NaCl show two cross-relaxation peaks of comparable intensities for 
both GH8-C(Me) (interbase) and CHM(Me)  (intrabase) interactions. 
The methyl proton relaxation is mainly determined by internal mo- 
tion, thereby making its dynamics different from those of other protons 
within the same molecule. Cross-relaxation between a proton inter- 
acting with a proton of a methyl group cannot, therefore, be used as 
an internal reference for other proton-proton interactions or distance 
calculations. 

The arguments given above in assigning the sugar proton resonances 
also apply here in support of a right-handed B-form for poly(dG-m5dC) 
in NaCl solution. In the B-form, both G and C have anti glycosidic 
torsional angles, whereas in the Z-form, G assumes a syn glycosidic 
conformation, and C retains an  anti conformation (Fig. 10). In the anti 
form, the interaction distances for intranucleotide H8 (or H6)-H2', 
intra nucleotide Hl'-H2", and internucleotide H8 (or H6)-H2" are of 
comparable magnitude (Table I), and strong cross-relaxation peaks are 
expected for these interactions. In contrast, the intranucleotide H8 (or 
H6jH1'  distances for the anti conformation are greater than ca. 3.5 
A, and are expected to give very weak or no cross-relaxation peaks. 
Figures 4, 5, and 7 confirm these features for poly(dG-m5dC) in NaCl 
solution, confirming its B-form structure. For a left-handed B-form, 
calculated intranucleotide distances of ca. 4.2 A between H8 (or H6) 
and H2' predict that no direct magnetization transfer can occur be- 
tween these protons.44 On the contrary, the observation of strong cross- 
relaxation between H8 (or H6) and H2' also eliminates the possibility 
of a left-handed B-form for poly(dG-m5dC) in low salt. 

In 3 m M  MgClz solution, several features of the ZD-NOE spectra 
conform to the Z-conformation. In the syn form, the glycosidic angle 
in G changes and the distance for the intranucleotide H8-Hl' inter- 
action is ca. 2.32 A and is associated with a significant cross-peak (Fig. 
10). The intranucleotide H8-H2' distance, however, increases to ca. 



A
 

-
 

L
N

o
(
' 

I
"

'
l

"
'

l
"

'
l

"
'

 
1

"
'

l
"

'
l

"
'

l
"

'
 

8
 

6
 

Y 
2

 
0
 

P
P

M
 

8
 

6
 

Lf 
2 

0
 

P
P

rl
 

Fi
g.

 9
. 

C
ro

ss
 s

ec
tio

ns
 o

f 
th

e 
ab

so
rp

tio
n 

m
od

e 
2D

-N
O

E 
sp

ec
tr

a 
il

lu
st

ra
ti

ng
 t

he
 i

nt
ra

- 
an

d 
in

te
rn

uc
le

ot
id

e 
cr

os
s-

re
la

xa
tio

n 
in

te
ra

ct
io

ns
 o

f 
M

e 
pr

ot
on

s 
w

it
h 

ba
se

 p
ro

to
ns

 (A
) d

ou
bl

e-
st

ra
nd

ed
 p

ol
y(

dA
-d

T)
 in

 0
.1

M
 N

aC
l 

an
d 

4M
 C

sF
 a

nd
 (B

) d
ou

bl
e-

st
ra

nd
ed

 p
ol

y(
dG

-m
5d

C
) in

 5
0 

m
M

 N
aC

l a
nd

 
3 

m
M

 M
gC

lz
 so

lu
tio

ns
. 

M
ix

in
g 

ti
m

es
 u

se
d 

w
er

e 
50

 m
s 

in
 a

ll
 c

as
es

. 



DOUBLE-STRANDED POLYDEOXYNUCLEOTIDES 763 

Fig. 10. The B-form anti-glycosidic (left) and %form syn-glycosidic conformations of 
a G nucleotide. The close specific interactions that are different in the two cases, i.e., 
H8-H2‘ and HSHl’, are indicated by a dashed line. 

3.94 A, with consequent loss of the cross-peak in the 2D-NOE spectra. 
In Fig. 9, note also that the cross-peak for the interbase H M ( M e )  
interaction has disappeared, indicating a syn form for G. That C retains 
an anti conformation is evident from the observation of cross-peak for 
the intrabase H6-H2’ interaction. Consequently, we can conclude that 
the 2D-NOE spectra unambiguously support the transition to the Z- 
form. 

Conformations of Poly(dA-dT) 

In light of the above discussion, we now consider the ZD-NOE spectra 
of poly(dA-dT). A comparison of the 2D-NOE contour plots for poly(dA- 
dT) in both low and high salt (Figs. 1, 2 and 8) shows a very similar 
pattern to poly(dG-m5dC) in NaCl solution. The spectral features dem- 
onstrate that poly(dA-dT) assumes a right-handed B-type conformation 
in low and high salt and also in 40% ethanol-& solution. For instance, 
Fig. 9 shows that cross-peaks for the H8 (and H6kT(Me) interaction 
are observed in both the low- and high-salt forms, and in both cases, 
the cross-peaks have comparable intensities relative to the diagonal 
peak. 

The cross-relaxation peaks observed in Fig. 8 can be rationalized on 
the basis of a right-handed B-conformation, where both A and T have 
anti-glycosidic torsional angles. In both cases of low and high salt, 
the cross-peaks for intranucleotide interactions, e.g., AH&AH2’, 
TH6-TH2‘, AHl’-AH2“, and THl‘-TH2” interactions have comparable 
intensities. Conforming to a B-structure, the internucleotide in- 
teractions, e.g., AH8-TH2” and TH&AH2”, have slightly weaker 
cross-peaks compared with other cross-peaks in this region, indicating 
greater interproton distances. The nature of the base pairing for 
poly(dA-dT) has been shown to be Watson-Crick type.9t26 For a left- 
handed B-form, the intranucleotide distances between H8 (or H6) and 
H2‘ were calculated to be ca. 4.1 A,9 and, therefore, we would not 
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expect cross-relaxation peaks for these interactions. The observed ab- 
sence of such cross-peaks eliminates the possibility of a left-handed B- 
form for poly(dA-dT) in low-salt solution. 

These results indicate that the apparent transition of poly(dA-dT) 
in high salt,I0 which affects the 31P-nmr and the CD does not 
significantly alter the overall conformation of this polymer. Conse- 
quently, the proposals that  poly(dA-dT) exists as a left-handed B-9 or 
ZformIo in solution can be decisively rejected. The consistent B-form 
pattern of poly(dA-dT) in the 2D-NOE contours was true even up to 
6.6M CsF, perhaps indicating that the transition observed by these 
methodsI0 could arise from tertiary structure effects due to the ex- 
tremely high salt concentrations. The effects on the 31P-spectra, while 
clearly indicating a conformational effect on the phosphodiester back- 
b ~ n e , ' ~ . ~ ~  may also have a salt/dehydration component on the 31P chem- 
ical shifts at such high salt concentrations. In up to 40% ethanol, the 
conformation of poly(dA-dT) had not converted to the A-form, to which 
the 2D-NOE spectrum has been shown to be sensitive in oligoribo- 
nuc leo t ide~.~~ 

CONCLUSION 

Poly(dA-dT) exists as a right-handed B-form in solution over a wide 
range of salt concentrations. The 2D-NOE spectra confirm the tran- 
sition of poly(dG-dm5dC) from a right-handed B-form to a left-handed 
Zform in MgC1, solution. The conformations of polydeoxynucleotides 
in solution can be unambiguously determined using 2D-NOE spec- 
troscopy. It should now be possible to study, in appropriate molecular 
detail, the interactions of drugs and proteins with polydeoxynucleo- 
tides in solution. 

References 
1. Watson, J .  D. & Crick, F. H. C. (1953) Nature 171, 737. 
2. Franklin, R. E. & Gosling, R. G. (1953) Nature 171, 740. 
3. Wilkins, M. H. F. & Randall, J .  J .  (1953) Biochim. Biophys. Acta 10, 192. 
4. Millane, R. P. & Rodley, G. A. (1982) Nucleic Acids Res. 9, 1765-1773. 
5. Wang, A. H.J., Quigley, G.  J . ,  Kolpak, F. J., Crawford, J .  L., van Boom, J .  H., van 

6. Drew, H., Takano, T., Tanaka, S., Itakura, K. & Dickerson, R. E. (1980) Nature 

7. Pohl, F. M. & Jovin, T. M. (1972) J. Mol. Biol. 67, 375-396. 
8.  Behe, M. & Felsenfeld, G. (1981) Proc. Natl. Acad. Sci. USA, 78, 1619-1623. 
9. Gupta, G., Sarma, H., Dhingra, M. M., Sarma, R. H., Rajagopalan, M. & Sasisek- 

der Marel, G. & Rich, A. (1979) Nature 282, 680-686. 

286, 567473. 

haran, V. (1983) J. Biomol. Struct. Dymmics 1, 395-416. 
10. Vorlickova, M., Sklenar, V. & Kypr, J .  (1983) J. Mol. Biol. 166, 85-92. 
11. Meier, B. H. & Ernst, R. R. (1979) J. Am. Chem. Soc. 101, 441-6442. 
12. Jeener, J . ,  Meier, B. H., Bachmann, P. & Emst ,  R. R. (1979) J. Chem. Phys. 71, 

13. Macura, S. & Emst, R. R. (1980) Mol. Phys. 41, 95-117. 
4546-4553. 



DOUBLE-STRANDED POLYDEOXYNUCLEOTIDES 765 

14. Kumar, A., Ernst, R. R. & Wiithrich, K. (1980) Biochem. Biophys. Res. Commun. 

15. Wagner, G. & Wiithrich, K. (1982) J. Mol. Biol. 155, 347-366. 
16. Wider, G., Lee, K. H. & Wuthrich, K. (1982) J. MoZ. Biol. 155, 367-388. 
17. Feigon, J., Leupin, W., Denny, W. A. & Kearns, D. R. (1983) Biochemistry22,5943- 

18. Wemmer, D. E., Chou, S.-H., Hare, D. R. & Reid, B. R. (1984) Biochemistry 23, 

19. Feigon, J . ,  Wang, A. H . J . ,  van der Marel, G. A., van Boom, J .  H. & Rich, A. (1984) 

20. Scheek, R. M., Russo, N., Boelens, R. & Kaptein, R. (1983) J. Am. Chem. Soc. 105, 

21. Feigon, J., Wright, J. M., Leupin, W., Denny, W. A. & Kearns, D. R. (1982) J. Am. 

22. Haasnoot, C. A. G., Westerink, H. P., van der Marel, G. A. & van Boom, J .  H. 

23. Hare, D. H., Wemmer, D. E., Chou, S.-H., Drobny, G. & Reid, B. R. (1983) J. Mol. 

24. Westerink, H. P., van der Marel, G. A., van Boom, J. H. & Haasnoot, C. A. G. 

25. Broido, M. S., Zon, G. &James, T. L. (1984) Biochem. Biophys. Res. Commun. 119, 

26. Kearns, D. R., Mirau, P. A., Assa-Munt, N. & Behling, R. W. (1983) Nucleic Acids: 

27. Assa-Munt, N. & Kearns, D. R. (1984) Biochemistry 23, 791-796. 
28. Chen, C.-W., Cohen, J. S. & Behe, M. (1983) Biochemistry 22, 136-2142. 
29. Fujii, S., Wang, A. H.J. ,  van der Marel, G., van Boom, J .  H. & Rich, A. (1982) 

30. Chen, C.-W., Cohen, J .  S. & Zador, A. (1981) J. Biochern. Biophys. Methods 5 ,  29% 

31. States, D. J., Haberkorn, R. A. & Ruben, D. J .  (1982) J. Magn. Reson. 43, 286-292. 
32. Bodenhausen, G., Freeman, R., Niedermeyer, R. & Turner, D. L. (1977) J. Magn. 

33. Bax, A. (1982) Two-Dimensional Nuclear Magnetic Resonance in Liquids, Reidel, 

34. Nagayama, K., Kumar, A., Wuthrich, K. & Ernst, R. R. (1980) J. Magn. Reson. 

35. Bax, A., Freeman R. & Morris, G. A. (1981) J. Magn. Reson. 42, 164-168. 
36. Wagner G., Kumar, A. & Wuthrich, K. (1981) Eur. J.  Biochem. 114,375-384. 
37. Bodenhausen, G., Freeman, R., Niedermeyer, R. & Turner, D. L. (1977) J. Magn. 

38. Levitt, M. H. & Freeman, R. (1979) J. Magn. Reson. 34, 675-678. 
39. Wagner, J., Wiithrich, K. & Tschesche, H. (1978) Eur. J. Biochem. 86, 67-76. 
40. Bax, A., Freeman, R. & Morris, G. A. (1981) J. Magn. Reson. 43, 333-338. 
41. Campbell, I. D., Dobson, C. M., Williams, R. J .  P. & Xavier, A. V. (1973) J. Magn. 

42. Keepers, J .  W. & James, T. L. (1984) J.  Magn. Reson. 57, 404-426. 
43. Patel, D. J., Kozlowski, S. A,, Nordheim, A. & Rich, A. (1982) Proc. Natl. Acad. 

44. Dhingra, M. M., Sarma, M. H., Gupta, G. & Sarma, R. H. (1983) J. Biomol. Struct. 

45. Chen, C. W. & Cohen, J. S. (1983) Biopolymers 22, 879-893. 

95, 1-6. 

5951. 

2262-2268. 

Nucleic Acids lies. 12, 124S1263. 

2914-2916. 

Chem. Soc. 104, 5540-5541. 

(1983) J. Biomol. Struct. Dynamics 1, 131-149. 

Biol. 171, 319-336. 

(1984) Nucleic Acids. Res. 12, 43234338. 

663-670. 

The Vectors of Life, Pullman, B. & Jortner, J., Eds., Reidel, Boston, pp. 113-125. 

Nucleic Acids Res. 10, 7879-7892. 

295. 

Reson. 26, 13S164. 

Boston, pp. 2630 .  

40, 321-334. 

Reson. 26, 94-95. 

Reson. 11, 172-181. 

Sci. USA 79, 141%1417. 

Dynamics 1, 417428. 

Received July 2, 1984 
Accepted September 27, 1984 




